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Abstract—We studied nucleotide sequences of TATA box in eukaryotic genes and their affinity to TATA-bind-
ing protein (TBP). The DNA affinity to TBP depended on the concentration of dinucleotides TA, TG, TC, AA,
and AG. We proposed a method for predicting the DNA affinity to TBP based on its sequence, and applied it to
promoters of eukaryotic genes. We observed the only peak of high affinity to TBP at position —30, which is the
optimal TATA box position. Promoter sequences around the TATA box proved to have lower affinity to TBP
than the arbitrary sequences. We simulated DNA sequences with high central and low terminal affinity to TBP,
and showed reliable similarity between the simulation and the TATA boxes of eukaryotic genes.
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INTRODUCTION

It is common knowledge that TBP binding to the
TATA box initiates formation of the transcriptional
complex on the TATA-containing promoters [1-9].
TBP can bind a TATA box either alone or as a part of
general transcriptional factor TFIID. Attachment of
the general factors TFIIA, TFIIB, TFIF, TFIIE,
TFIIH, and RNA polymerase II to the TATA-TBP
complex forms the general transcription complex [7-10].
Transcription complexes can be assembled in an alter-
native way on promoters with no TATA box. One of
them is based on recognition of the initiating element
(Inr) by the general factor TFIID or Inr-binding pro-
teins. The Inr element has a conserved sequence
YYANt/aYY bordering the starting nucleotide [11].
This element can operate autonomously [10].

TFIID was shown to be a protein complex consisting
of TBP and additional protein factors (TAF) [12-14].
The molecular weight of TBP in man, mouse, and
Drosophila is 40 kDa [15, 16], while in yeast it is
27 kDa [16-21]. It features a variable N-terminal and
a conserved C-terminal domains [17-22]. Eighty-per-
cent identity is specific for amino acid sequences of
the TBP conserved domain in man, mouse, Droso-
phila, Arabidopsis, and yeast [16]. This conserved
domain is necessary and sufficient for DNA binding,
maintaining the basic level of transcription, and inter-
action with various transcription factors [12, 22-24].
At the same time, the variable TBP domain can be

involved in specific protein—protein interactions
required for assembly of the transcription complex on
TATA-containing promoters.

X-ray analysis has shown that yeast TBP consists
of four a-helices and a saddle B-sheet with the con-
cave surface embracing the minor groove [25-27].
Although numerous publications have demonstrated
that TBP binds to DNA as a monomer, gel filtration,
affinity chromatography, and chemical cross-linking
methods indicate that free TBP is a dimer [28].

It is known that the TBP affinity to TATA box
affects the promoter efficiency both in vivo and
in vitro [29]. The subsequent assembly of other gen-
eral factors of RNA polymerase Il in a functional tran-
scription complex also depends on the initial interac-
tion between TBP and TATA box.

By contrast to the majority of control proteins [30],
TBP interacts with the minor groove of DNA [25-27].
The problem of recognizing nucleotide substitutions
in the TATA box by TBP still remains unanswered.
The equilibrium dissociation constants for complexes
of the yeast TBP with TATA-containing promoter
fragments (300 bp), which reflect TBP affinity to the
DNA, fall within 2-3 nM [31-34]. Substitutions
G — C and C — G in the TATA box significantly
affect TBP affinity to the DNA, supposedly, through
steric obstacles to TBP binding to the guanine extra-
cyclic 2-amino group [35]. Still the background of
these changes in TBP affinity to DNA induced by
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A —> T and T — A substitutions remains unclear,
despite 10-100-fold changes in the equilibrium disso-
ciation constant of the TBP-DNA complex [31] and
10-50-fold changes in its half-life [36].

Electrophoretic methods indicate [36] correlation
between the stability of the TBP-TATA complex and
the extent of DNA bending at the binding site. The
more pronounced is DNA bending, the longer is the
half-life of such complexes and the higher is the
induced transcription.

The changes in TBP binding to the DNA fragments
with and without TATA box were studied to under-
stand the mechanism of TBP binding the class I, II,
and III promoters [35]. According to the kinetic indi-
ces of TBP-DNA binding, the mechanism of binding
is common for TATA and non-TATA DNA fragments.
The proposed model suggests that free TBP dimer dis-
sociates, and each of the monomers can form unstable
complexes with DNA and slide along it until recog-
nizing a TATA box. In this case a stable TBP-TATA
complex is formed, which initiates the above-mentioned
assembly of the general transcription complex [35].

However, despite abundant data on the TBP-TATA
interaction, specific features of the TATA box respon-
sible for its affinity to TBP are yet not recognized
[37, 38].

Here we studied the nucleotide sequences of TATA
boxes and revealed the features related to the affinity
to TBP. We have developed a method for predicting a
DNA affinity to TBP and used it to analyze nucleotide
sequences of eukaryotic promoters. There appeared
only one peak of high affinity to TBP at the —30 posi-
tion, which is optimal for the TATA box. The
sequences neighboring the TATA box have lower
affinity to TBP than arbitrary sequences. We simu-
lated DNA sequences with high central and low termi-
nal affinity to TBP. Reliable similarity between such
model DNA sequences and the natural eukaryotic
TATA boxes was demonstrated.

MATERIALS AND METHODS

We used the data on TBP-DNA affinity presented
in Table 1 [39] for TBP isolated from Saccharomyces
cerevisiae (it is a common knowledge that yeast and
human TBP are interchangeable in in vivo and in vitro
systems). Sokolenko et al. [39] measured equilibrium
dissociation constants K, of TBP complex with 15-bp
DNA fragments. Negative logarithms of the TBP—DNA
complex dissociation constants (—In[K;]) were used as a
measure of TBP affinity to DNA (Table 1).

We studied 19 DNA fragments (Table 1) of human
H1 histone and B-actin genes promoters. They dif-
fered in both A, T, G, and C content and the position
of TATA-like sequences (Table 1). Two DNA frag-
ments with no TATA box were also included.
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Table 1. TBP affinity to 15-bp DNA fragments [39]

No. Sequence Affinity, —In[K{]
1 CGCCCTATAAAACCC 24.23
2 GGGTTTTATAGGGCG 2423
3 GCGCCCTATACTACC 24.08
4 GGTAGTATAGGGCGC 24.08
5 GCGCCCTGTACTACC 21.50
6 GGTAGTACAGGGCGC 21.50
7 GCGCCCTATGCTACC 21.17
8 GGTAGCATAGGGCGC 21.17
9 CGGCTTATATAAGCC 21.06

10 GGCTTATATAAGCCG 21.06
11 CGCCCAAACCCTATA 20.72
12 TATAGGGTTTGGGCG 20.72
13 TATAAAACCCAGCGG 17.73
14 CCGCTGGGTTTTATA 17.73
15 GTTTTTTTTTTCGCG 16.60
16 GGTGGCGCACGCCTG 16.27
17 AGAGTTCAAGACGAT 15.76
18 CATGGCGGCGGGGCG 11.87
19 ccceeecececececcecececce 11.78

Table 1 shows that the TBP-DNA affinity (—In[K])
varied from 11.78 to 24.23, which corresponds to the
difference in the dissociation constant K, by five
orders of magnitude. This indicates significant influ-
ence of the nucleotide sequence on its affinity to TBP.
Still we do not know what features of the DNA are
responsible for this affinity.

Note that the traditional consensus and weight
matrix methods of DNA sequence analysis [40] can-
not be used for studying the DNA fragments presented
in Table 1, since the are only applicable to highly sim-
ilar sequences. Hence, these data [39] were analyzed
with the help of SITEVIDEO computer system devel-
oped earlier for studying nucleotide sequences with
low similarity [41, 42].

This system analyzes the number and position of a
given dinucleotide z;z, in each 15-nucleotide
sequence S = s,...5;...515. BEach dinucleotide z,z, = By
is designated by IUPAC codes. Weighed concentra-
tion of By dinucleotide is calculated for a sequence S:

14

XBYW(S) = Zsﬁy(sisi+l)w(i)’ (1)

i=1

where Og(s;s;,1) = 1 for B =5; and v = 5;, or
O,(s;5;+ 1) = 0 in all other cases, w(i) is weight function
at position i.
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Fig. 1. Weight functions simulating the highest central
(solid line) and terminal (dotted line) contribution of the
dinucleotides to TBP affinity to the DNA.

The weight function w(i) was introduced in equa-
tion (1) to account for the influence of the By =s;s,,,
dinucleotide at position i on the DNA affinity to TBP.
The more is w(i) value, the more is contribution of the
dinucleotide s;s;, | to the TBP-DNA affinity. Figure 1
presents two examples of the weight function w(i)
used in this work. Solid curve presents the weight
function w(i) of the dinucleotides By with the highest
contribution to the TBP-DNA affinity at the center of
the DNA fragment, while dotted curve corresponds to
the weight function of the dinucleotides with the ter-
minal contribution to the TBP-DNA affinity. The
number of such weight functions w(i) totals 180 with
different position and size of the DNA regions with
the highest weights.

Since we know neither the dinucleotides Py
responsible for the TBP-DNA affinity nor their posi-
tion in the DNA, all 15 x 15 = 225 possible By dinu-
cleotides are analyzed, each of them is applied to all
180 weight functions w(i). Hence, we consider all
225 % 180 = 40,500 concentrations Xg,,, calculated by
equation (1).

First, each of these concentrations is analyzed
independently. For given nucleotides B, and v, and a
weight function w(i) the concentration Xg,, (S) is cal-
culated by equation (1) for all nucleotide sequences S.
As a result we know concentrations Xg,,(S) for all
DNA fragments with known affinity to TBP (—In[K]).

Correlation between these values is tested using
the linear correlation index [43]:

r(=In[Kgl; Xgp) > Ry = 2:0= 0,055 2)

where R, , is the critical r at the significance level o
for n considered nucleotide sequences.

The condition (2) is tested for each of 40,500 Xg,,,
concentrations. If a given X, concentration meets
this condition, the relationship between the TBP-
DNA affinity and this concentration is considered as
reliable and such concentration is selected for further
analysis. Otherwise the TBP-DNA affinity does not
depend on concentration Xg.,, and is omitted. This
results in a list of concentrations Xg,,, that determine
DNA affinity to TBP.
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Then all concentrations X, satisfying condition
(2) are analyzed to reveal interrelated concentrations
with arbitrary nucleotide sequences (25 15-bp
sequences with equal nucleotide frequencies). Each
concentration Xg,,, selected by condition (2) is calcu-
lated using equation (1). Similarly to the condition
(2), correlation between two concentrations Xg,,, and
Xy 10 these arbitrary sequences is also tested by the
linear correlation index:

FXgp> Xopv) > Ryo= 0.05- €)

Condition (3) is tested for all pairs of the selected
concentration. If it is not satisfied for a given pair of
concentrations Xg,,, and Xy, they are considered as
representing different relationships between the TBP—
DNA affinity and its nucleotide sequence and both are
left in the list of selected concentrations. When the
condition (3) is satisfied, the concentrations Xg,,, and
Xouv are considered interrelated for arbitrary DNA. In
this case they represent the same relationship between
the TBP-DNA affinity and its nucleotide sequence
and the concentration with lower linear correlation
index is removed from the list of selected concentra-
tions:

r(Xgy, ;s —In[Ky]) > r(Xyys —In[Kq4]). 4)

Thus, only independent concentrations represent-
ing different types of relationship between the TBP—
DNA affinity and its nucleotide sequence remain in
the list of selected concentrations Xp,,.

RESULTS AND DISCUSSION

DNA sequence properties responsible for its
affinity to TBP were studied using eight out of 19
DNA fragments presented in Table 1 (3-6, 11, 12, 15,
and 19). These fragment served as a training sample
for the analysis, while the remaining 11 fragments (1,
2,7-10, 13, 14, and 16-18) were not analyzed which
made possible their use as “independent data” to
assess the reliability of analysis.

Analysis of the training sample using equations
(1-4) has revealed two dinucleotides TV and WR
whose weighed concentrations correlate with the
TBP-DNA affinity. One of them, TV = {TA, TG, TC},
has the contribution to the affinity growing with close-
ness to the DNA fragment center (Fig. 1, solid curve).
The highest index of linear correlation to the TBP—
DNA affinity (r = 0.765 and o < 0.05) was observed
for the weighed concentration Xrv,. It is a common
knowledge that subsequence TATA is the most con-
served in the TATA box which was named after it.
Dinucleotides TA composing this subsequence is a
special case of the TV dinucleotide. Interestingly, sub-
sequences TATG and TATC composed by the TV
dinucleotide are also common in eukaryotic TATA
boxes.

No. 4
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Another dinucleotide, WR = {AA, TA, AG, TG}
has the contribution to the TBP-DNA affinity growing
with closeness to the DNA fragment termini (Fig. 1,
dotted curve). The linear correlation between the
weighed concentration of the dinucleotide Xy, and
TBP-DNA affinity was reliable (r = 0.728 and o <
0.05) for the training sample. At the same time there
was no correlation between the concentrations Xyp,,
and Xpy,, (r = 0.04 and o > 0.25) in the sample of
25 arbitrary sequences.

The obtained results indicate that the dinucleotides
WR at the DNA fragment termini also make signifi-
cant contribution in its affinity to TBP. TA is a special
case of the WR dinucleotide. Clearly, terminal TATA
subsequence should affect affinity of the DNA frag-
ment to TBP.

Prediction of TBP affinity to DNA by its nucle-
otide sequence. We generated a linear regression rela-
tionship between the TBP-DNA affinity and weighed
concentrations of dinucleotides TV and WR for arbi-
trary 15-nucleotide sequence S:

—In[K4(S)] = ag + a1 X7y, (S) + @, Xwry(S), (5)

where a, = 14.53, a; = 2.53, and a, = 0.87 are coeffi-
cients of linear regression.

Equation (5) was obtained on the training sample
with the above eight DNA fragments. It was tested on
the “independent” sample of 11 DNA fragments used
neither for revealing the Xrv,, and Xyy, concentra-
tions nor for generation of equation (5).

Figure 2 visualizes testing of equation (5) with
“independent” sample. DNA affinity to TBP predicted
by the equation (5) reliably corresponded to the exper-
imental values [39] (r = 0.785 and o < 0.05).

Hence, the equation (5) reliably predicts the DNA
affinity to TBP by its nucleotide sequence.

TBP affinity to eukaryotic gene promoters.
Equation (5) was used to analyze TBP affinity to
eukaryotic gene promoters. We used 776 promoters
from EPD database (release 45). We considered the
nucleotide sequences from —257 to +108 relative to
the transcription start. We calculated the affinity to
TBP of each 15-nucleotide region of these sequences
with the center at position i using equation (5)
—In[Ky(s;_7...5;...5;,7)] and plotted TBP affinity to
the promoter against position i (=250 <i < 101). Such
curves were obtained for all 776 promoters.

Figure 3 presents the resulting curve averaged for
all promoters (bold line). Normal line shows an anal-
ogous relationship for 10,000 arbitrary sequences of a
similar length with even nucleotide frequencies. By
contrast to the promoters, one can see no correlation
between the TBP-DNA affinity and the position num-
ber. Promoters have sole peak of TBP affinity with the
top value —In[K,] = 22.26 at position —30. The peak
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Fig. 2. Predicted (abscissa) and experimental (ordinate)
TBP affinity to the DNA for independent data. Coefficient
of linear correlation r = 0.785 (o < 0.05).

position coincides with the known optimal position of
the TATA box, which agrees with the common view of
the TATA box as the only TBP binding site.

In addition, the promoter sequences bordering
TATA box have lower affinity to TBP as compared to
arbitrary sequences. Note that the regions of reduced
affinity to TBP are quite long (Fig. 3). The regions of
the affinity upstream and downstream of the TATA
box are 171 (positions =210 to —40) and 80 bp (posi-
tion —20 to +61), respectively. We propose that these
promoter regions provide for fine positioning of the
TBP-TATA complex relative to the transcription start.

One can propose a kinetic interpretation of low
promoter affinity to TBP at long regions bordering the
TATA box. In essence, under certain conditions TBP
starts sliding along these DNA regions towards the
TATA box. Evaluations of the kinetic indices for such
sliding will be published separately.

Simulation of eukaryotic TATA box sequences.
Presence of promoter regions with low affinity to TBP
around the TATA box was tested by simulating DNA
sequences with high central and low terminal affinity
to TBP. Arbitrary 35-nucleotide sequences with even
nucleotide frequencies were considered. TBP affinity
to each sequence was calculated by the equation (5)
for three 15-nucleotide fragments: left (positions 1-15,
Si_i5), central (positions 11-25, S;,_,5), and right (posi-
tions 21-35, S,,_35). We tested the condition that TBP
to the left and right regions is lower as compared to
the central one by A:

MAX{-In[K4(S;_15), —In[K4(S;;_35) }
<-In[K4(S}; 25)] = A,

where A is the selection threshold that equaled 6 in our
simulation.

(6)

Using condition (6), we simulated lower TBP
affinity to promoter DNA around the TATA box
(Fig. 3). Only 10° out of 10 tested arbitrary sequences
satisfied condition (6).
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Fig. 3. Profile of TBP affinity to DNA along arbitrary
sequences (normal line) and eukaryotic promoters (bold
line).

We selected 100 DNA sequences out of this group
with the highest affinity to TBP at the center. Thus we
simulated peak of high promoter affinity to TBP at
position —30 (Fig. 3).

Table 2 presents best 10 out of the 100 simulation
sequences and the consensus generated from all
100 sequences with reliably conserved nucleotides
(00 < 0.01). The last line of Table 2 presents consensus
sequence of the natural TATA boxes [40]. One can
note good correspondence between consensus of the
simulation sequences selected by affinity to TBP and
TATA boxes (13 matches out of 15).

To test reliability of similarity between the simula-
tion and promoter DNA sequences we first analyzed
the nucleotides frequencies. We selected three regions
in the promoter sequences of eukaryotic genes
(—46...-37, -36...-22, and -21...-12) so that the
optimal TATA box resided in the center of the second
region. We calculated the nucleotide frequencies in
each of these regions using the above mentioned

PONOMARENKO et al.
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Fig. 4. Relative frequencies of nucleotides in promoters
(solid bars) and simulation DNA sequences (empty bar).
Coefficient of linear correlation r = 0.91 (a0 < 0.01).

776 promoters from the EPD (release 45). The influ-
ence of odd heterogeneity in the DNA sequences that
changes the observed nucleotide frequencies from the
real ones was reduced by relating the nucleotide fre-
quency at each region to the mean value for all regions.

In the simulation DNA sequences the correspond-
ing three regions were 1-10, 11-25, and 26-35. Rela-
tive nucleotide frequencies were calculated for each
of these regions.

The obtained results are shown in Fig. 4. The cen-
tral region in both simulation and promoter sequences
is AT-rich, while the left and right regions are AT-poor.
In general the coefficient of linear correlation between
the nucleotide frequencies in the simulation and pro-
moter sequences r = 0.91 (o < 0.01), which indicates
reliable similarity between these sequences.

We carried out an additional test of similarity
between the simulation and promoter sequences by
the method for recognizing TATA boxes using weight

Table 2. Simulation DNA sequences with high central and low terminal affinity to TBP

No. Central affinity Sequence

1 26.74 GGAAGCGCCGCTCATATATATATGGCCCGAGCCAC
2 26.66 CAGAAAAACCGTCTTATATAAAAGAAGGCCCTTCA
3 26.00 CGATGGCCGCCCATATATATACAGGCAGCCCGGTG
4 26.00 CGACGCGCCCCCATATATATATGGGGGCAATGGTG
5 25.83 GGGCCCGAAGTGCTTATATATAAGCCCGGCGACGT
6 25.73 CGCCGGGCCGGCCTTATATATGAGGGCGTTTTCAC
7 25.54 CAGAAGCCGCGTCGTTCTATAGAAGGCCGCGGGGG
8 25.14 GAACCCGCGCCCCTATCTTAGAAAGGCGGCGCTCG
9 24.79 AAGCCGAACGGGCTATATACTGAGCGCCGGGGGAT

10 22.73 TCCCCGGCGGCTTTGTATAACAGCAGCCCCGCGTG

Consensus Simulation DNA ———C-GSSSSCCCTTTWWWWAAAGSSSSSSSC—-G
TATA box [40] STWTAWADRSSSSSS

MOLECULAR BIOLOGY  Vol. 31 No.4 1997
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matrix [40]. We analyzed each of 776 nucleotide
sequences of eukaryotic promoters from the EPD
(release 45). TATA boxes were found in 71% promot-
ers. In a similar way we analyzed each of the 100 sim-
ulation DNA sequences. In this case TATA boxes were
found in 67% simulation sequences. The exact Fisher
test indicates that the simulation and promoter
sequences do not differ in the TATA box recognition
frequencies.

CONCLUSION

The results obtained indicate that the DNA affinity
to TBP is defined by its nucleotide sequence. This
affinity increases with concentration of dinucleotides
TV = {TA, TG, TC} in the center of the TBP-DNA
binding site and dinucleotides WR = {AA, AG, TA,
TG} at the termini of this site. Due to this relationship,
eukaryotic promoters feature sole peak of high affinity
to TBP at position —30, which is also the optimal
TATA box position (Fig. 3). Moreover, this peak is
surrounded by quite long regions of promoter DNA
with affinity to TBP lower even than in arbitrary
sequences. This leads to the conclusion that eukary-
otic promoters are optimized for exact positioning of
the TBP-TATA complex on the transcription start
nucleotide. Simulation of the nucleotide sequences
with high central and low terminal affinity to TBP
demonstrate their reliable similarity to the natural pro-
moters of eukaryotic genes.
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